Inducible T-strand mobilization from the Ti plasmid ofAgrobacterium tumefaciens to the genome of a plant host is mediated by the activation of a cascade of bacterial virulence genes. It is initiated when the bacterium senses the presence of a low molecular weight inducer secreted by the plant. Although many hydroxyphenylpropanoid and phenolic compounds can activate the virulence cascade, the only native inducers that have been identified to date are acetosyringone and hydroxyacetosyringone. A new inducer, the phenylpropanoid glucoside coniferin, has now been isolated from Pseudotsuga menziesu (Douglas-fir). Agrobacterium strains that were more tumorigenic on gymnosperms were more effectively induced by coniferin.
its DNA (the T-DNA) from the bacterial tumor-inducing (Ti) plasmid to the genome of the plant host (for recent reviews see refs. 1 and 2). Substantial interest has focused on this bacterium because it provides one of the more efficient methods for introduction of chimeric genes of economic importance into crop plants. However, not all plants can be successfully transformed (3) . Different A. tumefaciens strains exhibit strong host specificity even among dicotyledonous plants (4) and many plants are refractory. Thus, monocotyledonous species are recalcitrant to transformation and when they can be transformed, it is only at low frequency (5, 6) . Gymnosperms have also been considered to be resistant to infection by A. tumefaciens, although recent work (7) (8) (9) has shown that they are susceptible to infection at low frequency.
Successful transformation requires the induction of a cascade of bacterial virulence genes present on the Ti plasmid. The process is believed to begin when a plant phenolic inducer (10) interacts with the A. tumefaciens virA gene product. Subsequently the virG gene product is activated and it, in turn, activates the expression of the other virulence genes. The process culminates in packaging the T-DNA, transfer to the plant, and integration into the plant nuclear genome. Several plant phenolic compounds have been shown to initiate the first steps ofthis cascade (11) (12) (13) . Nevertheless, the only native inducers that have been identified are acetosyringone and hydroxyacetosyringone, which were isolated from wounded tobacco leaves and tobacco root cultures (14) .
Recent experiments (15) indicated that certain A. tumefaciens strains could transform conifers at high frequency. Other strains, which were equally tumorigenic on herbaceous species, were much less tumorigenic on conifers. However, it was not known whether this specificity arose because gymnosperms possessed a set of phenolic inducers that differed chemically from those of herbaceous species or was due to other causes. Virulence-inducing compounds can readily be assayed by using the reporter plasmid pSM358 (12, 16, 17) 
RESULTS
The marker plasmid pSM358 (16) provided a useful and convenient assay for the presence of virulence gene inducers.
Enhanced expression of 1-galactosidase from the virE-lacZ fusion of pSM358 indicated the presence ofan active inducer. The plasmid was introduced into two Agrobacterium strains. The first, B3/73, was strongly tumorigenic on P. menziesii (15) . The second, MFM83.4, was only weakly tumorigenic.
When these strains were used to assay HPLC fractions of phenolic compounds extracted from P. menziesii, a differential response was seen (Fig. 1 ). Both strains gave approximately equivalent responses to acetosyringone, but the strongly tumorigenic strain B3/73(pSM358) responded to a compound (PM1) present in the crude P. menziesii extract. The weakly tumorigenic strain MFM83.4(pSM358) did not respond.
The retention time of PM1 did not correspond to that of any previously characterized Agrobacterium virulence inducer. In order to identify PM1, a large-scale preparation of Douglas-fir phenolic compounds was undertaken. Fresh shoots were extracted with methanol and the extracts were subjected to solvent partitioning and HPLC. Active compounds were not soluble in hexane or ether but could be purified by adsorption to octadecyl-silica followed by elution with methanol. Assay of HPLC fractions with B3/73(pSM358) established that at least three active compounds were present. The first, compound PM1, possessed the bulk of the biological activity and was selected for further purification.
HPLC fractionation of PM1 on octadecyl silica columns provided homogeneous material possessing biological activity. A typical HPLC profile of purified PM1 is illustrated in Fig. 2 A and C. The compound had a retention time of 17.2 min, considerably shorter than that of acetosyringone (31.0 min) or of any other known phenolic inducer, suggesting that it was quite polar. In light of this polarity it seemed possible that it might be a glucoside. Treatment with ,-glucosidase confirmed this supposition (Fig. 2 B and D) . After glucosidase treatment, full activity was retained but the retention time of the active species increased to 28.0 min. The retention time of the hydrolysis product coincided with that of authentic coniferyl alcohol.
The structure of PM1 was determined from mass spectra and proton nuclear magnetic resonance spectra. The TMS derivative gave a homogeneous peak on gas chromatography with a retention time identical to that of authentic TMSconiferin. The electron-impact mass spectra of TMS-PM1 and TMS-coniferin were identical (Fig. 3 ). TMS-PM1 had a base peak at m/z 73 and major fragment ions at m/z 103, 147, 217, 324, and 361. The spectrum of TMS-coniferin also contained the same peaks with the same relative intensities. The proton magnetic resonance spectrum of PM1 confirmed the structural assignment. Resonances were present at chemical shifts (ppm) -6.9 to -7.15 (ring protons), -6.3 to -6.6 (exocyclic protons), and -3.9 (ring methoxy protons). The spectrum was identical to that of coniferin.
To demonstrate that the biological activity of PM1 was intrinsic to the coniferin present and had not merely been copurified with it, the concentration dependencies of virulence gene induction in strain B3/73(pSM358) by PM1 and by coniferin were compared (Fig. 4) . Activity profiles were not different within experimental error. On the basis of HPLC and gas chromatographic retention times, mass and proton magnetic resonance spectra, and biological activity, the major A. tumefaciens virulence-inducing substance found in young P. menziesii shoots is therefore coniferin.
As a glucoside, coniferin has a unique position among Agrobacterium virulence gene inducers. All previously characterized phenolic inducers are aglycones and possess free phenolic hydroxyl groups. Therefore, the question arose as to whether coniferin was the proximal inducer or whether it was first converted by the bacteria to coniferyl alcohol, which has been shown to induce the Agrobacterium virulence region (12) . To investigate this question and the potential role of Agrobacterium glucosidases in the virulence induction process, a set of wild-type Agrobacterium strains that exhibited a range oftumorigenicities on conifers were transformed with the marker plasmid pSM358 and examined for virulence gene induction and glucosidase activity in the presence of coniferin. The data (Table 1) indicated that glucosidase activity was high in strongly tumorigenic A. tumefaciens strains and low in weakly tumorigenic strains. The least infective Agrobacterium strains exhibited no detectable glucosidase activity. Virulence gene induction correlated with glucosidase activity. Strains with high glucosidase activity exhibited high virulence gene induction that increased with time. The exception was strain 3667, which showed no induction.
Differential virulence gene induction by coniferin in strains B3/73(pSM358) and MFM83.4(pSM358) was not due to differential sensitivity to coniferyl alcohol. Acetosyringone, coniferin, and coniferyl alcohol all induced vir function in B3/73(pSM358), whereas in MFM83.4(pSM358), only acetosyringone and coniferyl alcohol were effective (Fig. 5) . The ability of coniferin to act as a vir inducer correlates with the presence of glucosidase activity. HPLC analysis of culture supernatants showed that coniferin was being converted to coniferyl alcohol (data not shown). Virulence induction was assayed as in Fig. 1 played by these glucosidases and the validity of the conversion hypothesis remain to be determined. Until very recently, all known A. tumefaciens inducers were aglycones. For example, the native inducers from tobacco are acetosyringone and hydroxyacetosyringone (14) , although many other structurally related compounds are capable of induction and are effective at or below micromolar concentrations (12) (13) (14) . The common structural features of these aglycone inducers are a free phenolic hydroxyl group, at least one methoxy group ortho to the hydroxyl, and an exocyclic electron-withdrawing group. The exceptions are coniferyl and sinapyl alcohols, which have ring hydroxyl and methoxy groups but which possess electron-donating propenyl side chains. In the experiments reported here, acetosyringone and coniferyl alcohol were found to be equally effective inducers of all strains, whereas coniferin was an effective inducer only of those Agrobacterium strains that possessed an active glucosidase. In a recent paper, Zerback et al. (17) demonstrated that several flavonol glycosides and one flavone glucoside were inducers of the A. tumefaciens virulence genes at millimolar concentrations. These inducers were 200 times less effective than acetosyringone on a molar basis. The test strain, A348(pSM358), used by Zerback et al. possesses low glucosidase activity (unpublished data). It would be of interest to determine the effectiveness of the flavonol and flavone glycosides on A. tumefaciens strains that possess high glucosidase activity.
There are interesting parallels between A. tumefaciens virulence gene induction and Rhizobium nodulation gene induction. Generally, Rhizobium nodulation inducers are flavones and isoflavones, C6-C3-C6 diphenylpropanoids that contain a central oxygen-heterocyclic ring with an exocyclic keto oxygen. Like effective virulence inducers, effective nodulation inducers such as the flavone luteolin (20) and the isoflavone daidzein (21) contain an aromatic ring hydroxylated para to an electron-withdrawing group, the keto oxygen of the central ring. The second aromatic ring confers additional activity or specificity when hydroxylated. One flavone glucoside, apigenin 7-O-glucoside, has been reported to induce Rhizobium leguminosarum nodulation genes (22) . In light of the similarities between the two systems, the identification of glucoside inducers for both A. tumefaciens and Rhizobium species raises the question as to the role of glucosidases in the induction processes. The data from this study indicate an association of glucosidase expression, induction, and tumorigenicity on conifers. A causative role has not been demonstrated. Suitable mutagenesis and complementation studies must be performed to rigorously establish this point. Whether flavone glucosides can generally act as virulence or nodulation inducers and whether glucosidase activity is causally related to Agrobacterium tumorigenicity and activation of the Rhizobium symbiotic process remain to be determined.
